Abstract-Every robotic gripper requires an equilibrated solution towards the grasp adaptability, precision, and load-bearing capacity. A versatile soft robotic gripper requires adjustable grasp mode for objects with different sizes and shapes, and adjustable compliance for switching between soft mode for small loads and delicate objects and stiff mode for larger loads and heavier objects. In this paper, we present the design of a tendon-driven robotic origami, robogami, gripper that provides self-adaptability and inherent softness through its redundant and underactuated degrees of freedom (DoF). Robogami is a planar and foldable robotic platform that is scalable and customizable thanks to its unique layer-by-layer manufacturing process. The nominally two-dimensional fabrication process allows embedding different functional layers with a high fidelity. In particular, a polymer layer with adjustable stiffness enables the independent control of the stiffness for each joint. Using this feature, we can control the input energy distribution between different joints and hence the motion of the robogami. Here, we model the behavior of a single finger, and demonstrate the compliance control of the end effector along different directions in simulations and experiments. We also validate the gripper's task versatility in soft and stiff modes by assigning model-based joints stiffness for performing different grasp modes.
I. INTRODUCTION
embed the polymer layer. Layers with different functions are integrated in robogamis thanks to their layer-by-layer manufacturing [2] . The precise fabrication methods for machining quasi-two-dimensional (2-D) layers allows us to design robots with many DoFs in confined space. In this research, we focus on tendon-driven robogamis. In these robots, a single source of actuation drives multiple joints. The redundant DoFs and the underactuation make these robots inherently soft and safe for interaction with sensitive environment. Our goal is to use the tendon-driven robogami platform as a versatile soft gripper.
Soft grippers and hands are among the applications that benefit from the advantages of soft robots such as adaptability, safe interaction, low cost, customizabitiy, and simplicity of actuation and control [5] - [8] . The compliance of the soft fingers in these robots allows them to conform to the shape of the objects for applying contact forces at the proper points and directions without the need for complex sensors, actuators, and controllers. However, there is a compromise to make between the compliance and the force output [9] . Soft actuation methods with adjustable stiffness solve this problem by enabling the assignment of different compliance to the robotic hand fingers depending on the task. Different physical principles for controlling the stiffness of the robot segments and joints have been proposed in the literature ranging from the mechanical methods of stiffness control [10] - [17] to methods that rely on the material properties [4] , [6] , [18] - [28] . The method of stiffness control in robogamis should be scalable and compatible with its layer-by-layer manufacturing. This rules out most of the mechanical methods of stiffness control and some of the methods that are based on the material properties. Among the remaining options, using polymer properties around the glass transition temperature is the most effective choice given the significant change in the stiffness, low price, ease of processing, and compatibility with the quasi-2D fabrication methods. Shape memory polymers (SMP) offer a significant stiffness modulation and a high shape recovery rate that makes them a desirable choice among other thermoplastics. In this research, SMP pellets (MM 5520 from SMP Technologies Inc.) are formed into layers and are embedded in the structure for controlling the stiffness. To improve the shape recovery, the SMP layer is encapsulated in silicone rubber as suggested in [21] and [29] . For the material activation, stretchable metallic heaters are embedded in the SMP layer for controlling its temperature and hence the stiffness of the joints.
The fabrication process of the stretchable metal mesh structures and their integration process have been presented in detail in [18] . The adjustable stiffness layer (ASL) that controls the joint stiffness in the robogamis consists of a stretchable heater, SMP, and silicone rubber. The temperature and the stiffness of the ASL are tuned by adjusting the input power to the stretchable heater [29] . We previously confirmed the durability of the ASL layer in few hundred cycles of loading [21] . We also characterized the stiffness of the ASL at different temperatures and verified significant stiffness variability, from 110 N/mm at room temperature to 2.6 N/mm at 110 o C, [29] . This variation in the stiffness can be effectively used to control the reconfiguration and compliance of robogamis.
In this paper, we present a gripper based on the tendon-driven robogamis with adjustable stiffness joints. The operation mode of the gripper is assigned by adjusting the temperature of the ASLs in each joint, which is rather slow, around 15 s, mainly due to the limited cooling rate. The actuation of the gripper in each mode, however, can be much faster and the gripper can be effectively used at few hertz. The variable mode of operation in this versatile gripper allows it to perform diverse tasks that require varying levels of compliance and different trajectories for each finger. The main contributions of the paper are as follows.
1) A novel concept of soft actuation with adjustable compliance in tendon-driven robogamis. 2) The model of the robogami finger actuation and study of its motion at different stiffness settings for the joints and external loads. 3) A prototype of a soft robogami gripper with adjustable compliance and demonstration of the versatility of the grasp modes. The layer-by-layer manufacturing of the robogamis allows us to easily scale down the size of the gripper presented here or change its design for additional DoFs. The adjustable stiffness of the robogami joints enables us to set a desired initial configuration and set proper stiffness for active joints for performing tasks that require different grasping motions and compliance settings.
In Section II, the design of the robogami joints and their manufacturing process is presented. In Section III, we model the relation between the joints stiffness, the contact forces, and the tendon tension in an underactuated robogami. We use the model to simulate the behavior of a single finger under load and demonstrate the compliance control. We also validate the simulation results with experiments in this section. In Section IV, the gripper design is presented and different grasp modes corresponding to different compliance settings for the fingers are demonstrated. Finally in Section V, we conclude the findings and suggest the future steps.
II. DESIGN AND MANUFACTURING OF THE TENDON-DRIVEN ROBOGAMI JOINTS WITH ADJUSTABLE STIFFNESS
Soft and adaptable robot interaction with the environment requires multiple controllable DoFs. The layer-by-layer manufacturing of robogamis along with the precise methods for fabricating each individual layer allows us to design and fabricate robots with multiple DoFs in confined space. Moreover, this manufacturing method enables us to integrate layers with different functions in the structure. The DoFs in robogamis are defined by the folding pattern of a polyimide sheet. The patterns of the rigid layers, mostly micromachined glass or carbon fiber layers, that cover the polyimide layer determine the arrangement of DoFs. Fig. 1(a) presents different layers that construct a robogami structure with two joints. The quasi-2D layers are micromachined using a UV laser (for details refer to [3] ). These layers are bonded together using thermoset adhesive, Pyralux LF0100, to form the robogami, as shown in Fig. 1(b) . Next, the outer structure that is used for aligning the layers during the bonding process is cut to release the joints and the ASLs are glued on top of the joints, as shown in Fig. 1(c) . The castellated pattern of the glass-fiber layers define the joint axis and also the joints range of motion [29] . The design of the gripper presented in this paper is based on underactuated robogamis. In these robots, a tendon that runs throughout the joints actuates all DoF. In the example of Fig. 1 , the tendon route passes through both joints. The tendon switches side between the first and the second joint. So, the joints of the robogami shown in Fig. 1(c) are actuated in opposite directions. Fig. 2 presents a schematic of the design and illustrates the tendon path between the two joints. Fig. 2 . Schematic of two robogami joints that are actuated in the opposite directions. The tendon (marked in red) switches sides after the first joint and actuates the second joint in the opposite direction. The ASLs for the first and second joints are placed at the same distance from the neutral plane but on the opposite sides in order to be on the tension side of each joint. The distance of the tendon from the joint axis can be adjusted in the design based on the required actuation moment for each joint.
We control the ratio of the power transmission to different joints in underactuated robogamis through adjusting the joints stiffness. The ASL, which is shown in Fig. 1(c) , consists of a customized stretchable heater, SMP, and silicone rubber. The stiffness of the ASL decreases more than 40 times as its temperature increases from the room temperature to 110 o C [29] . Using this variation in the stiffness, we can control the mechanical properties of the joints and the overall compliance of the structure.
The ASLs in both joints of the robogami shown in Fig. 2 are placed in the tension side of the neutral plane. If the ASL were placed on the compression side, it would buckle under load and would not contribute considerably to the joint stiffness. Given the opposite direction of motion of the two joints, the ASLs are placed at the same distance but on the opposite sides. The tendon, however, is routed at different distance for the first joint and the second joint, which allow us to use these joints more effectively as will be discussed in Section III. The joint design in Figs. 1 and 2 is similar to the design of the joints in the gripper and the design parameters and their values are presented in Table I . The negative values for h 2 and b 2 signify the opposing direction of actuation for the first joint.
The moment in the robogami joints is transferred through the tension and compression of the polyimide and the ASLs in the joints. The main failure modes for these joints is the overstrain in the hinge layer and the buckling of the ASL. Note that given the small length of the polyimide layer between the tips of the castellated pattern on the two sides, buckling is not a failure mode for this layer. The hinges layer is a 125 μm polyimide sheet. Considering the ultimate strength of the material (169 kPa), this layer can withstand 21.3 N/mm for its unit width. So, the maximum moment that the hinge layer can withhold is 970 N · mm. The second mode of failure is the buckling of the SMP layer. In its stiff mode, the thin SMP layer is the main load-bearing element in the ASL. As a conservative assumption, we neglect the effect of the silicone layer in the following analysis and calculate the critical buckling load for the SMP layer
The thickness of the SMP layer is 500 + 50 μm and its modulus of elasticity in the glassy state is 2.1 GPa. Equation (1) predicts the critical load to be 42.8 N/mm for the unit width of the SMP layer, which is twice the maximum allowed force for the polyimide sheet. So, the load-bearing capacity of the joints is determined by the strength of the polyimide layer, 970 N · mm for the design values of Table I . A sequence of the joints presented in this section is used in the fingers of the gripper. To determine the design, we used the model to study the motion of an underactuated finger with different DoFs. In the next section, we present the sequence of the joints we used for the gripper fingers and study the behavior of the finger with different compliance settings in simulation and experiment.
III. TENDON-DRIVEN ROBOGAMI FINGER WITH ADJUSTABLE STIFFNESS JOINTS
Any sequences of the joints presented in Section II can be designed and fabricated to make a robogami with desired workspace and reconfiguration. The main goal in this research is to demonstrate soft actuation and compliance control of robogami fingers and to implement them in an underactuated gripper. Based on this, we designed a sequence of joints, shown in Fig. 3 , that allows us to significantly change the compliance and behavior of the robogami fingers. We confined the design to the motion in plane. So, all the joints have parallel axis. This simplifies the theoretical and experimental analysis. 3 . Schematic of the robogami finger. The tendon (marked red) changes side about the hinge layer first between the 1st and the 2nd joints and next between the 7th and 8th. The ASL is placed on the opposite side of the tendon in all joints to be on the tension side.
The redundant DoFs of the finger increase its conformity and shape adaptability, which is a necessity for a soft gripper. The stiffness control allows us to switch the mode of operation to stiffer and more precise motions by locking the joints in position or activating them at lower compliance. The first and the last joints in this design are actuated in the opposite direction compared to the rest of the joints. The range of motion for these two joint is set to [−45 o 0 o ] and for the rest of the joints, joints 2-6, the range of motion is set to [0 o 45 o ]. In general, the activation of more joints makes the structure more compliant. The activation of the first or the last joint, however, has more significant influence on the compliance, which originates from their opposite direction of actuation. This allows us to switch between different modes to achieve either higher forces or more adaptability and compliance of actuation. We assigned a smaller tendon distance from the joint axis for the first and the eighth joints. This limits the actuation moment for these two joints that allow us to use them more effectively to control the stiffness of the end effector. The overall length of the finger is 85 mm and the distance of the first joint from the tip is 72 mm. So, based on the ultimate strength of the joints calculated in Section II, we expect the finger to withstand maximum load of 13 N in the z-direction. We tested the finger upto 4.4 N.
The reconfiguration and the mode of operation of an underactuated robogami is determined by the stiffness assigned to its joints. Here, we present a model which enables us to simulate the motion and the stable configuration of the robogami fingers based on the joints stiffness and contact forces. Based on the desired tasks for the gripper, we used this model to determine the proper joint sequence in the gripper and to find the proper joints stiffness for performing different tasks. In what follows, we present three examples of the simulations performed to study the compliance of the end effector of the robogami finger in different directions. These examples correspond to different grasp modes that are presented in the following section.
To find the stable configuration of the finger, we equate the input work with the sum of the required work for changing the configuration of the robogami and the work for moving the end effector against the contact forces
In (2), the left-hand side represents the input work. 
where F x and F z are the contact forces in the x-and z-directions and M y is the moment applied to the last link. The Jacobian matrix J relates the motion of the end effector to the rotation of the jointsθ and is calculated as
The rate of the tendon displacement,Ẋ in (2), has the following relation with the angular velocities of the joints:
where ∂X i ∂θ i is the transmission ratio between the input and the ith joint. For the correlation between the rate of the joint angle change and the rate of tendon displacement for each joint, we have
in which X i x and X i y are solved as
Note that (6)- (8) are valid for joints in both directions as long as the sign of the tendon distance from the axis of rotation is considered correctly. The required work for changing the configuration of the finger, W ASL , is calculated as
The elements of Δ and F ASL in (9) are the elongation and the force of the ASLs, respectively. k i in this equation represent the stiffness of the ASL of the corresponding joint. The ASL elongation, Δ, is calculated as Replacing the energy storage rate of the ASLs in (2) yields (11), which correlates the tension in the tendon with the joint angles and their stiffness
We use this model to study the effect of joint stiffness on the reconfiguration of the finger and the compliance of the end effector. The activation of different joints changes the free motion trajectory of the end effector. The compliance of the finger for each trajectory can be controlled through the joints stiffness. Joints 1 and 8 of the robogami finger, with their opposite direction of actuation, influence the compliance of the finger significantly. Here, we study the effect of activation of these joints. This study signifies the importance of the model and the simulation results in understanding the potentials of different designs for underactuated robogamis. For each simulation, we report the trajectory of the end effector and the final configuration of the finger that was estimated by the model. To verify the simulation results, we tested the finger with the same stiffness setting and contact load and compared the final configuration of the finger with the simulated configuration.
The motion of the robogami finger under load in the zdirection is simulated with three different stiffness settings, shown in Fig. 4(a)-(c) . The contact force increases with the motion of the end effector in the z-direction at the rate of 50 N/mm and is saturated at 1 N. The linear compliance of the end-effector in the z-direction and its rotational stiffness are dependent on the stiffness assigned to different joints. The first simulation [see Fig. 4(a) ], is the reference to verify the effect of activation of the first and the last joints. In this case, joints 4 and 5 are active at their most compliant state at 110 o C with linear stiffness of 2.6 N/mm. The other joints in this case are inactive and at room temperature with linear stiffness of 110 N/mm (for more detailed information regarding the characterization process and the stiffness variation of the ASL with temperature, refer to [29] ). For this setting, the motion of the finger is not effected by the load and it is characterized by high linear stiffness for the end effector in the z-direction and high rotational stiffness. Activating the first joint makes the finger considerably more compliant in the z-direction [see Fig. 4(a) ]. In this case, the first joint is activated at 65 o C with the linear stiffness of 5.5 N/mm and the setting for the other joints is similar to the previous case. The activation of the first joint at this temperature does not significantly affect the free displacement of the finger. However, the trajectory of the end effector changes considerably under load and the position of the end effector in the z-direction stays without much change during the actuation.
Note that actuating the first joint in the opposite direction is more effective for changing the compliance of the finger compared to having a passive joint. The increased tendon tension amplifies the moment applied to the first joint by the contact force and makes the finger more responsive, compliant, to the contact forces. In order to limit the deformation of the base joint in free displacement, to have similar free motion, the tendon is placed closer to the neutral plane for the first joint and this joint is activated with a lower temperature (65 o C), higher stiffness, compared to the rest of active joints. This design for the tendon distance and temperature setting for the first joint results in similar free motion trajectories for the first two cases of Fig. 4 . The compliance of the end effector, however, is significantly different for these two cases, which results in different trajectories and final configuration under load. If the same tendon distance was assigned to the first and other active joints in this case, higher stiffness for the first joint would have been required to achieve the same response. However, working at lower temperatures, for assigning higher stiffness, is not desired due to the sharp stiffness variation at temperatures lower than 60 o C [29] . The activation of the last joint also affects the compliance of the end effector, as presented in Fig. 4(c) . Given the small distance from this joint to the end effector, the compliance in the z-direction does not change much in this case. The rotational compliance of the last link, however, changes considerably when this joint is activated. As was the case for the first joint, activation of the last joint at 65 o C does not affect the trajectory of the free motion but under contact load the trajectory of the end effector changes considerably and the orientation of the last link remains almost constant under load. By increasing the lateral and rotational compliance, the manipulator becomes self-adaptive in these directions to an assigned degree. This is desirable for safe interaction with sensitive environment. Compared to a fully actuated system, this approach is superior since it requires much less computation and control effort and only high-level control on the joint stiffness and the overall behavior is required.
We tested the robogami finger with the conditions similar to the simulations to verify the results [see Fig. 4(d)-(f) ]. In the experiments, the duty cycles for the heaters were set based on the readings from a thermal camera for reaching the desired temperature setting at each joint. The tendon displacement corresponding to the displacement used in simulation is applied using an electric motor, Dynamixel MX-28. The final configurations of the finger with different temperature settings are shown in Fig. 4 for comparison. The overall behavior is similar to the one predicted by simulation. The main reason for the discrepancy is the neglected tendon friction in the model. We considered constant tendon tension for all joints. Due to the friction, however, the tendon tension decreases from the base to the tip of the finger. So in simulation results, we underestimated the motion of the joints closer to the base and overestimated the motion for the joints closer to the tip. Other sources of error such as difference between the ASLs of different joints and errors in the temperature settings also contribute to the discrepancy between simulation predictions and experiments.
We demonstrated the compliance control of the robogami finger in different directions. In Section IV, we present grasp modes corresponding to the same compliance settings that we have studied for a robogami finger in this section.
IV. UNDERACTUATED ROBOGAMI GRIPPER WITH ADJUSTABLE STIFFNESS JOINTS
The tendon-driven robogamis provide a platform for designing inherently soft robots. The compliance in these robots originate from their redundant DoFs and underactuation. Here, we study the application of tendon-driven robogamis in a gripper. The conformity of such a gripper allows it to orient its contact points to apply forces in proper direction for a robust grasp. By implementing the adjustable stiffness joints such a gripper can perform different grasp modes based on the joints stiffness. The overall design of the gripper with two fingers is shown in Fig. 5 . The actuation from the slider is divided between the two fingers through the tendon and the pulley. Depending on the stiffness setting for the joints, the tendon displacement drives different joints in the robogami. In the schematic of the gripper [see Fig. 5(b) ], the active and inactive, soft and stiff, joints are marked. In this section, we demonstrate two different grasp modes: power grasp and precision grasp. For power grasp, the object is enveloped by the fingers and is secured between the fingers and the palm of the gripper. In the precision grasp, the object is secured between the finger tips. These two modes of grasp require the activation of different joints. In each mode, the compliance of the fingers can also be adjusted by setting different levels of joints stiffness. In the present design, the activation of the first and the eighth joints increases the compliance of the actuation significantly (as discussed in Section III). In the last part of this section, we compare the grasp of a soft object in two different modes for highlighting the effect of the activation of the first joint on the finger's compliance.
A. Power Grasp
In the "power grasp" mode, the gripper secures the object between the fingers tips and the base. To perform the power grasp, joints 2-7 are activated at their most compliant state. The schematic of Fig. 5(b) presents the stiffness assignment and the actuation overview. The redundant DoFs of the fingers and the inherent softness of an underactuated gripper, allows the last link of each finger to adapt its orientation to apply forces in the the proper direction for a robust grasp of the object, as shown in Fig. 6 . For larger objects, the overall compliance and conformity of the fingers allows them to take the shape of the object and envelope it. For the smaller object, such as an egg, the self-adaptability of the last link illustrates the conformity of the gripper and the softness of the grasp.
B. Precision Grasp
The second grasp mode of the gripper we study is the "precision grasp" of small objects between the finger tips. In this case, large displacement and small orientation change at the tip are required. So, the base joints, 2 and 3, are activated in this mode, as shown in the first schematic of Fig. 7(d) . The orientation of the end effector for grasping small objects has to be adjusted based on the contact force and the size of the object. One approach is to reconfigure and lock the tip joint of the finger in the proper orientation based on the object. Here, we use a different approach and activate the tip joint at a lower temperature (65 o C) to increase the rotational compliance of the end effector. The schematics of Fig. 7(d) present how the activation of the last joint helps with the self-adaptability of the orientation of the last link. Fig. 7(a)-(c) presents the free displacement and the grasping of a 5 CHF coin (t : 2.4 mm, φ : 31.5 mm, m : 13.2 g) in this mode of operation. We should point out that the stiffness setting for the tip is a delicate task since excessive compliance of the end effector can diminish the grasp stability.
C. Grasp Compliance
As mentioned in the previous section, the compliance of the robogami fingers can be adjusted by changing the stiffness of the active joints and also by activating additional joints. In the present design, the activation of the first joint significantly increases the compliance of the finger. The increased compliance of the finger is desired in grasping soft and delicate objects since the gripper does not apply large contact forces in this mode. The controllable compliance of the fingers allows us to limit the contact forces at a desired magnitude without requiring any feedback. To illustrate this, we compare the grasping of a foam with two different compliance settings. In the stiff mode, joints 2-7 are active. For the soft mode, we activate the same joints, 2-7, and to increase the compliance, we also activate the first joint but at higher stiffness, 65 o C. The schematics of Fig. 8 (a) illustrates the temperature setting and the motion of the gripper with these two compliance settings. The free motion of the gripper in these two modes are similar, as shown in Fig. 8(c) . But, when the gripper comes in contact with an object, the increased tendon tension along with the moment applied by the contact forces moves the first joint back when its activated. This results in limited contact force and hence inherently soft performance, as shown in Fig. 8(d) . In the grasp with stiff setting, the end effector applies large enough forces to deform the foam. How- Fig. 8 . Contact forces can be controlled by adjusting the compliance of the fingers. (a) Activation of the first joint considerably increases the lateral compliance of the fingers, which is desirable for handling soft and sensitive objects. In grasp with the soft setting, the force that the end effector can apply is limited. To contrast the behavior of the gripper in soft and stiff modes, the grasp of a soft sponge is studied: (b) the initial state; (c) the free motion is similar in both cases; (d) In the stiff mode the gripper apply large enough forces to deform the foam but in the soft mode the contact force is limited and does not deform the foam. ever, with the soft grasp setting, the contact force is limited and applying more input displacement causes the contact point to come closer to the base but their distance, and hence, the applied force to the foam does not change considerably.
In this section, we demonstrated two modes of grasp of a robogami gripper, power and precision grasps. For each mode, the compliance of the fingers and, hence, the contact forces can be controlled by adjusting the stiffness of the active joints or activating additional DoFs. We demonstrated this by grasping a soft foam with two different compliance settings.
V. CONCLUSION
Novel actuation technologies in the field of soft robotics offer self adaptability, safe interaction, low cost, and customizability, which make them a desirable choice for robotic hands and grippers. A versatile robotic hand requires different configurations, actuation patterns, and compliance settings for performing different tasks. In this paper, we presented a tendon-driven robogami gripper with adjustable stiffness joints. Through adjusting the joints stiffness, we can assign the initial configuration of the gripper, its actuation pattern, and the compliance of the grasp.
The layer-by-layer manufacturing of robogamis along with the precise quasi-2D fabrication methods enables us to design and fabricate fingers with many DoF in confined space. Given the multiple and redundant DoFs, robogami fingers can conform to the shape of the objects in contact. The adjustable stiffness joints of the robogami fingers enable us to control the operating mode of the gripper. Based on the significant variation in the elastic properties and the compatibility with the layer-by-layer manufacturing of the robogamis, we used SMP for controlling the joints stiffness. The proposed design for the robogami finger can be easily scaled up or down and the sequence of the DoFs can be customized without any significant effort in design and manufacturing.
To study different finger designs for the gripper and the activation pattern of the joints, we modeled the behavior of the underactuated robotogami fingers in free motion and under contact load. This model allows us to simulate the motion of the finger with different stiffness settings. We used the results of such simulations in designing a sequence of DoFs that allow significant compliance change by activation of different joints. In this paper, we focused on motion in plane and demonstrated this compliance control in simulation and verified the result in experiments for the final design of the finger.
We used a gripper with two robogami fingers to demonstrate different modes of operation based on the stiffness setting. We first demonstrated the self adaptability of the robogami gripper by activating six joints in each finger. Upon actuation, the fingers conform to the shape of the object for applying forces at the proper direction for a stable grasp. We demonstrated the robust grasp of an egg in this mode, the power grasp. Next, we presented the precision grasp of a coin by activating only two joints at the base that results in a stiffer mode of operation and more controlled motion of the end effector. In this mode of operation, the last joint which is actuated in the opposite direction is also activated, but at higher stiffness, for allowing the last link to better adjust its orientation for a robust grasp. Finally, we studied the compliance of the grasp at two different stiffness settings by comparing the deformation of a foam. We demonstrated limited contact force in the soft mode of operation that allows safe interaction in sensitive environment without the need for any complex sensors or controller.
In this research, we focused on robogamis with motion in plane and demonstrated compliance control. The same concept can be generalized for 3-D motions and controlling the compliance along other directions, which can be used in more capable robotic hands. The model that is presented in this paper can easily be adjusted to study the motion of more complicated structures to find optimum design and to assign joints stiffness for performing different tasks.
